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ABSTRACT  
 
Mica glass-ceramics are easily machined due to their “House-of-Cards” microstructure. Barium 
fluormica glass-ceramics were developed and indicated good mechanical properties. This work 
studies the effect of varying barium content on the crystallization and microhardness of mica glass-
ceramics. Four glasses were produced with different baria contents, then converted to mica glass-
ceramics using a two-step heat treatment. They were characterized using Differential Scanning 
Calorimetry [DSC], X-ray Diffraction [XRD], Scanning electron microscopy [SEM] and Vickers 
microhardness. DSC showed some formulations indicated bulk crystallisation as the dominant 
mechanism. XRD showed the crystallization of Barium fluorphlogopite in all the compositions 
with minor secondary phases. SEM showed the formation of “House-of-Cards” microstructures 
and with an increase in BaO content, a decrease in contrast was observed in back scattered mode. 
Exceptionally low hardness values (<2 GPa) were obtained for longer heat treatments/holding 
times and are related to the well-developed house-of-cards microstructures formed. 
Key Words: Glass; Glass-Ceramic; Fluormica; Microstructure. 
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1. Introduction 
Glass-ceramics are polycrystalline materials containing a residual glass with a dispersed crystalline 
phase. They are synthesized by controlled crystallisation of glass, where this controlled process 
results in the formation of partially crystalline, crack free material, which can be used for various 
biomedical applications [1, 2]. In 1970’s tetrasilicic fluormica-containing glass-ceramics were 
developed by Beall and Grossman [3-6] and since then fluormica glass-ceramics have attracted the 
interest of many researchers due to their unique machinability. A material is considered 
machinable if it can be readily milled, drilled or turned using standard metal-working (primarily 
carbide) tools [7]. Fluormica glass-ceramics are a good example as they can be easily machined to 
the desired form using conventional tipped tools [3, 8-9]. The machinability of fluormica glass-
ceramics are a direct result of their unique ‘house-of-cards microstructure’, made up of randomly 
oriented plate-like fluormica crystals that impinge on one another, embedded in the glassy matrix. 
This microstructure prevents fracture by offering preferential cleavage along the 001 plane of the 
mica crystal during the machining process [7, 10].  
Dicor® and Dicor MGC® [Corning Inc., Corning N.Y] were the first fluormica glass-ceramics 
produced for dentistry, with a stoichiometry based on a tetrasilicic potassium fluormica [11]. Dicor 
MGC® showed excellent machinability. However, its poor flexural strength [152 MPa] [12] and 
low fracture toughness values [1.0-1.40 MPa.m0.5]  [13]  limits its use in dentistry. 
Uno et.al. 1991 studied the substitution of the monovalent potassium interlayer cations in 
potassium fluorphlogopite mica crystals by divalent barium cations [14]. This substitution 
increases the cleavage stress of the mica crystal and increases both flexural strength [350 MPa] 
and fracture toughness [2.3 MPa.m0.5] of the produced glass-ceramics. This increase in strength 
and fracture toughness makes barium fluorphlogopite mica glass-ceramics potentially attractive 
for applications in dentistry.  
Barium-based fluorphlogopite glass-ceramics are good candidates to be used with dental CAD/CAM 
technologies to produce inlays, onlays and crowns. Previous studies have investigated alumina content, 
fluorine content and magnesium content [15-21]. This study investigates the influence of increasing 
barium content in barium-based fluormica systems and its effect on nucleation, crystallisation, 
microstructure and microhardness. This makes it an interesting area to investigate, for better control 
over both physical and mechanical properties of this category of glasses and glass-ceramics. 
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The glass compositional design used in this work [8SiO2-1.25Al₂O3-3.75MgO-2.25MgF2-[X] BaO] 
is based on the general formula of fluormica stated by Pauling et al. (1930) [22], which allows the 
substitution of different components in order to study its effect on different properties and behavior of 
mica glasses and glass-ceramics. Excess silica (8 mol) was used to assist glass formation, while using 
(>2 mol) magnesium fluoride was to ensure crystallization of fluorphlogopite. The aluminum to 
fluorine ratio was designed to be at least 1:1, in order to prevent volatilization of fluorine as stated in 
fluorine retention guidelines [17] [23]. 
 
  
2. MATERIALS AND METHODS  
2.1 Glass synthesis 
Four barium based fluormica glasses were produced using glass forming formula: 8SiO₂-
1.25Al₂O₃-3.75-MgO-2.25MgF₂-[X] BaO      
Where X = 1 (Mica I); 1.3 (Mica II); 1.6 (Mica III) and 1.9 (Mica IV). In this compositional design 
the aluminium to fluorine and silicon to aluminium ratio were kept constant. 
Glass forming reagents for each composition were weighed and heated in a platinum crucible in a 
furnace [EHF 17/3 Lenton, Hope Valley, UK), at 1500 °C for 1.5 h. The molten glass batch was 
stirred inside the crucible for 10 seconds and then quenched into deionized water and the frit 
collected with a 500 µm sieve [Endecotts Ltd., London, UK)]. The glass frit was then dried in an 
electric oven at 80 °C for 24 hours. 100 g of the glass frit was ground using a Gy-Ro mill (Glen 
Creston, London, UK) for 7 minutes. The ground glass was then sieved through a 45μm stainless 
steel sieve [Endocotts Ltd., London, England] to produce glass powder. The glass frits were also 
re-melted in a platinum crucible for 15 mins at 1500 °C and then cast into pre-heated [550 °C for 
30 mins] graphite moulds [Morgan Matroc, Stourport, England] to produce cylindrical glass rods 
(diameter=14mm and length=100mm). 
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2.2 Differential scanning calorimetry (DSC) 
Glass frit and <45μm powder samples (50 mg) were used for DSC experiments. Specimens were 
heated from 23 °C to 1000 °C at a rate of 20 °C/min in a flowing (60ml/min) nitrogen atmosphere, 
in a DSC1500 [Rheometric Scientific, Epsom, UK]. 
 
2.3 Simultaneous Thermal Analysis [STA] 
A simultaneous thermal analyser [STA1500, Thorn Scientific, UK] was used to determine weight 
loss and potential volatilization of fluorine from the glasses. Weighed glass frit and powder 
samples (<45 μm) were placed into platinum crucibles and run in a temperature range of 100 °C-
1200 °C, against analytical alumina powder at a heating rate of 20 °C/min (in presence of Nitrogen 
gas). Computer software used to analyse both DSC and TGA traces, to determine different glass 
transitions and weight loss during heat treatments. 
 
2.4 Glass-ceramics synthesis 
Cast glass rods produced in section 2.1 for each glass composition were placed into a high 
temperature furnace [UAF 17/12, Hope Valley, Lenton, U.K] at room temperature and heated at a 
rate of 20 °C/min. Glasses were heat treated using a two-step heat treatment protocol by holding 
for 1 hour at 660 °C followed by crystal growth hold at 1150 °C or 1200 °C for 1, 3 and 5 hours 
respectively (Table 2). After heat treatment the glass-ceramics were left inside the furnace to cool 
overnight. Glasses were heat treated to 1150 °C and 1200 °C, as previous studies showed that the 
amount of barium fluormica phases increases with increasing heat treatment temperature up to 
1200 °C [17, 18]. 
 
2.5 X-ray Diffraction [XRD] 
XRD analysis was carried out for the starting glasses and glass-ceramic powder samples (size 
<45μm) using Panalytical X’PERT PRO X-ray diffractometer [Panalytical, The Netherland] using. 
A Bragg-Brentano flat plate geometry and Cu Kα radiation (λ1=1.54059 Å and λ2=1.54442 Å). 
Powder samples were packed into stainless steel holders. Patterns were collected from 5 to 70˚ 2θ 
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with an interval of 0.0334˚ and a step time of 200 sec. XRD data were analyzed using X’Pert Data 
Collector (v2.2, Panalytical, Almelo, The Netherlands). The JCPDS files used to identify 
crystalline phases were Barium fluorophlogopite (00-019-0117), Barium Aluminium Silicate (01-
088-1048) and Protoenstatite, synthetic (04-007-8621). 
2.6 Vickers Microhardness test 
Microhardness analysis was obtained on the glasses and glass-ceramics samples embedded in 
epoxy resin. Samples were lapped using silicon carbide grinding paper (220, 320, 500, 800 and 
1200 grit-size) and polished using 1μm alumina oxide polishing media (Buehler, USA) on a 
lapping machine (Struers, Knuth Rotor, Glasgow, UK).  
A Vickers hardness tester [ZHV30-S, Zwick/Roell AG, Germany] was used with an attached high 
sensitivity camera [902B WATEC, Japan]. Samples were indented using a pyramid diamond 
indenter with an angle of 136°, under an applied load of 300 N. The test force was maintained for 
10 seconds, then diagonal lengths of the indentation were measured and used to calculate the 
Vickers hardness (ܪݒ), using the following equation: 
 
ܪݒ = 2ܲ sin (ߠ 2)
⁄
݀ଶ  
Where: ܪݒ is Vickers hardness; P is applied load (N);  ߠ is the angle of the pyramid and d is mean 
diagonal of indentation (mm). For each sample, Vickers microhardness values of 12 points were 
recorded and converted to GPa by multiplying by 9.806 [standard gravity] and divided by 1000. 
 
2.7 Statistical analysis of the data 
Microhardness data were analyzed using a one-way ANOVA (Holm-Sidak method, Sigma Plot 
version 12.5, Systat Software Inc.), to compare significant differences between test groups (P< 
0.05). 
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2.8 Scanning electron microscopy [SEM] 
Glass-ceramic samples from each heat treatment series were embedded in resin [Epofix, Struers 
A/S, Ballerup, Denmark] and left to set overnight. Samples were ground using silicon carbide 
papers (320, 500, 800, 1200 and 4000 grit-size) and polished to an optical finish with 1μm 
alumina oxide polishing media (Buehler, USA) on a lapping machine [Struers, Knuth Rotor, 
Glasgow, UK], then cleaned in an ultrasonic bath [Kerry Ultrasonics, North Yorkshire, UK] for 
10 minutes. 
Samples were gold coated using a sputter Coater [Emitech SC 7620, Quorum Technologies, and 
UK.] for 60 seconds. Specimens were viewed in a scanning electron microscopy [FEI Inspect F, 
Hillsboro, Oregon, USA], in both the back scattered and secondary electron imaging modes. 
 
3. Results and Discussion  
           DSC results (Fig. 1, Table 1) of the formed glasses showed that glass transition temperatures glasses 
were in the range 626-632 °C. It also showed the appearance of a second crystallisation peak with 
an increase in the barium content of the glass for compositions II, III and IV (Figs. 1 b, c, d). 
The DSC traces for Mica I (Fig. 1a, Table 1) agreed well with what had been considered during 
compositional design and stated in a previous study by Henry and Hill (2004) [15]. This study 
indicated reducing alumina content to 1.25 moles reduces the glass transition temperature. Henry 
and Hill found a Tg of 654 °C for a higher Al2O3 (1.5 mol) content whilst glass transition 
temperatures for the present glasses were in the range 626-632 °C. The reduction in alumina 
content leads to a shift in the role of some alkali earth cations needed to charge balance AlO4- 
tetrahedra. Excess cations may lead to the formation of non-bridging oxygen atoms, reducing glass 
network connectivity and glass transition temperatures. The appearance of a second crystallisation 
peak with increasing the barium content of the glass for compositions II, III and IV (Figs. 1 b, c, 
d) indicates a switch in the crystallisation mechanism may be evident, although other minor phases 
are also present. This second crystallisation peak could be due to formation phases other than 
Barium fluorphlogopite (Ba0.5Mg3Si3AlO10F2) more rich in barium, such as Kinoshitalite 
(BaMg3Si2Al2O10 (OH/F)2) which has a very similar crystal structure to that of Barium 
fluorphlogopite. Neutron diffraction studies are needed to confirm such assumption see ref [24]. 
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Moreover, the two mica phases probably have different susceptibilities to surface nucleation and 
that’s why it appears more with the frit rather than the powdered samples. 
XRD results of these heat treated glass compositions (Figs. 2 a-d), indicated the formation of an 
additional barium-rich crystal phases and protoenstatite. Crystallisation of some glass 
compositions appear to occur by bulk crystallisation (Figs 1b, d). This finding is based on the fact 
that almost no change in crystallisation temperatures occurred on increasing the glass particle size 
from powder (<45µm) to frit (1-2 mm) for Mica II and IV compositions (Table 1). The bulk 
crystallisation mechanism for fluormica glasses has been reported by several studies previously 
[6, 15, 25].  
STA results (Table 1) revealed that the amount of weight loss which occurred to the glass during 
heat treatment is related to the particle size or surface area of the sample. Decreasing surface area 
of the heat treated glass by using frit particles instead of powder particles (<45μm) resulted in 
reduction of the percentage weight loss.   
XRD results of the glasses and mica glass-ceramics (I, II, III and IV) are shown in Figs 2a-d. All 
glasses were shown to be amorphous, while analysis of the Mica glass-ceramics XRD patterns 
revealed formation of a major crystal phase of Barium fluorphlogopite (Ba0.5Mg3Si3AlO10F2) with 
its diffraction peaks at 8.8°, 17.8°, 33.8°, 38.5°, 45.7°and 60°. It should be mentioned here that 
these peaks also match those of Kinoshitalite (BaMg3Si2Al2O10 (OH) 2). However, a study by Hill 
et al. (2004) on similar compositions found that this crystal phase is a barium fluorphlogopite 
based on MAS-NMR [26]. XRD patterns in the current study also detected the formation of 
possible minor fluorine deficient crystal phases of barium aluminium silicate, with one peak at 
22.4°, and Protoenstatite with peaks at 28.1°, 30.7°and 35°.  Barium aluminium silicate is alumina 
and silicate rich phase formed usually in barium-containing fluormica glass-ceramics, especially 
when barium content is above the fluorophlogopite stoichiometry, while Protoenstatie are rich in 
silicon, magnesium. Both secondary phases were probably associated with loss of fluorine from 
the glass surface. The formation of barium aluminium silicate and Protoenstatite has been 
correlated to increased heat treatment temperatures [15]. This correlation was not surprising as the 
formation of Protoenstatite has been previously linked before with melting of the main barium 
fluorphlogopite phases at high temperatures [15, 26]. A peak (22.4°) for a possible barium 
aluminium silicate phase in the Mica I glass-ceramic appeared to show an increase in peak intensity 
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with increasing heat treatment temperature and time (1200 °C for 5 hours). Formation of such 
fluorine deficient secondary phases above >1100 °C have been previously reported by Beall (1985) 
and Henry and Hill (2004) [15, 27,28]. The formation of a small amount of secondary fluorine 
deficient phases is however not thought to affect the machinability of the produced glass-ceramics 
[29]. Some of those fluorine deficient phases could be clearly seen in SEM photomicrographs 
showing the surface layer of the produced glass-ceramics (Fig. 6). 
SEM photomicrographs of the Mica I glass-ceramic composition (Figs. 3a, b, 5) showed the 
formation of a house-of-cards microstructure with increased temperature and holding time as 
reported in previous studies [10, 15, 19]. An Oswald ripening process was thought to be 
responsible for driving the crystal coarsening mechanism [30-33]. This microstructure of 
elongated barium fluormica crystals that interconnect has been determined as the pre-requisite for 
obtaining machinability in Mica glass-ceramics [10]. It provides a preferential path for cleavage 
during machining, along the 001 plane [interlayer sites] of the mica crystals. This preferential 
cleavage (path) can be clearly seen in (Figs. 3 c, d). 
Back scattered SEM photomicrographs (Fig. 4 a, b , c and d) revealed that with increasing BaO 
content in glass the composition the contrast in back scattered mode starts to decrease. Extra BaO 
above the mica stoichiometry would be expected to remain in the residual glass phase. In Mica IV 
the back scattered contrast has reversed (Fig.4d). The glass phase now back scatters more strongly 
than the barium mica crystal phase and this probably reflects higher barium content in the residual 
glass phase. 
SEM photomicrographs (Fig. 4 a, b, c and d) also showed that the volume fraction of barium mica 
crystal phases appears to be high.  However it was difficult to quantify this due to decrease of 
contrast in the back scattered mode with increasing barium content (Fig.4d). Moreover, the micro-
cracking and splitting of mica crystals in the softer glass-ceramics after polishing made it 
impossible to measure the apparently high volume fraction of mica crystals accurately (Fig.5). 
This is supported by the very low microhardness values observed. Accurate determination of 
volume fraction and crystallite size was also difficult because of the reduced back scattered 
contrast between the mica phase and the residual glass phase as the BaO content was increased. 
 There were also signs of some minor spherical domains (more obvious in Figs.  4c, d) , which 
could be linked to the minor XRD phases identified or earlier nucleation events.   
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Back scattered SEM photomicrographs also indicated the formation of surface layers containing 
phases other than barium fluormica (Fig.6). This layer may be fluorine deficient and was detected 
in all heat treatments. The crystal phase at the surface back scatters more strongly than the barium 
mica phase seen in the interior and may be richer in barium. It is thought to be the barium alumino-
silicate phase seen previously in the XRD. It is formed due to volatilization of fluorine in the form 
of SiF4 as reported before [15, 21]. The thickness of this fluorine deficient layer was only about 
30μm (Fig.6), in contrast to other commercial mica-based glass-ceramics where the fluorine 
deficient surface layer is often much thicker [15]. 
Before crystallisation heat treatments there was no statistical difference (P>0.05) in the Mean 
microhardness between Mica glass test groups, except between Mica I (1 mol % BaO) and Mica 
IV (1.9 mol % BaO), where excess BaO appears to have influenced the glass network and 
significantly reduced the microhardness (Table 2). The glass-ceramic microhardness values in the 
current study can be related to the development of the house-of-cards microstructure of the mica 
glass-ceramic. Increased crystal aspect ratio and coarsening of the mica crystals and the resultant 
residual glass appear related to a significant reduction in the microhardness within the formulation 
groups tested. This was clearly evident at increased heat treatment temperature and holding times 
(Fig. 3 b, Table 2). Significant reductions in Mean microhardness were found at 1, 3 and 5 hours 
(1200 °C) for each test group (p<0.05). Increased crystal volume fraction and crystal length to 
width ratios were in evidence for the Mica I, II, III and IV glass-ceramics (1200°C/5 hours hold), 
which are properties suggested for optimised machining [34]. The low hardness values of mica 
glass-ceramics have also been reported to be another determinant for the machinability of the 
material [35, 36]. Microhardness values <2.0 GPa were found for some of the current compositions 
at higher heat treatment temperatures (1200 °C) and are in a lower range (1.3-1.8 GPa) than 
previously reported in the literature. The lowest hardness value reported for the commercial mica 
glass-ceramic MACOR® is about 2.1 GPa [37]. The current formulations when heat treated at 
higher temperatures/longer holding times (1200 °C for 5 hours) are probably too soft for dental 
ceramic restoration applications, as their hardness values are much lower than human enamel (3.1-
3.7 GPa) [38] so might encounter rapid wear. For engineering applications the rough surfaces 
formed on machining could also be a drawback. The compositions that exhibit hardness values 
11 
 
close to enamel at about 3.5 GPa may offer a good compromise between machinability and 
hardness, which would make them could good candidates for CAD/CAM dental restorations. 
 
4. Conclusions 
Novel barium fluormica glasses and glass-ceramics were successfully synthesised with increasing 
barium contents (1-1.9 mol.). All four compositions formed interlocking mica crystals and a house 
of card microstructure in which barium fluorphlogopite was the major crystal phase formed. 
Increasing barium content above mica stoichiometry decreases the contrast in back scattered mode 
as the more barium remains in the residual glass.  Microhardness values of glasses showed a 
significant decrease (P <0.05) with increasing barium content, while microhardness values of 
glass-ceramics showed a significant decrease (P <0.005) with increasing heat treatment holding 
time and temperature. Exceptionally low hardness values (1.3-1.8 GPa) were obtained for longer 
heat treatments/holding times (1200 °C/5 h) and are related to the well-developed house-of-cards 
microstructures formed obtained. 
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Figure 3 (a) SEM photomicrographs of: (a) Mica I glass-ceramic heat treated at 1150°C 
(1 hour) showing fine Mica crystals in the glass matrix; (b) Mica I glass-
ceramic heat treated at 1200°C (5 hours), showing coarse Mica crystals in the 
glass matrix; (c) Mica I glass-ceramic heat treated at 1200°C (3 hours) showing 
sheets of barium fluorphlogopite crystals; (d) Cleavage along the 001 plane 
[interlayer site] in Mica II glass-ceramic heat treated at 1200°C (1 hour). 
Figure 4 SEM micrograph showing effect of increasing barium content on (a) Mica I, 
(b) Mica II, (c) Mica III, and (d) Mica IV glass-ceramics heat treated at 1200°C 
for 1 hours. 
Figure 5 SEM photomicrograph showing the house-of-cards microstructure in Mica III 
glass-ceramic heat treated at 1200°C (5 hours). 
Figure 6 SEM micrograph showing fluorine deficient surface layer of the Mica I glass-
ceramic heat treated at 1200°C (5 hours). 
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Figure 1 
  
                                            
 
                                                                 
 
 
Figure 1. DSC traces of glass powder and frit for: (a) Mica I ; (b) Mica II ; (c) Mica III;  (d) 
Mica IV. 
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Figure 2 
 
 
 
 
 
Figure 2. XRD Results for: (a) Mica I; (b) Mica II; (c) Mica III; (d) Mica IV glass-ceramics 
after different heat treatments, showing formation of Barium fluorphlogopite [BF], Barium 
Aluminum Silicate[B] and Protoenstatite [E].  
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Figure 3 
Figure 3. (a) SEM photomicrographs of: (a) Mica I glass-ceramic heat treated at 1150°C (1 
hour) showing fine Mica crystals in the glass matrix; (b) Mica I glass-ceramic heat treated 
at 1200°C (5 hours), showing coarse Mica crystals in the glass matrix; (c) Mica I glass-
ceramic heat treated at 1200°C (3 hours) showing sheets of barium fluorphlogopite 
crystals; (d) Cleavage along the 001 plane [interlayer site] in Mica II glass-ceramic heat 
treated at 1200°C (1 hour). 
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Figure 4 
 
 
Figure 4. SEM micrograph showing effect of increasing barium content on (a) Mica I, (b) 
Mica II, (c) Mica III, and (d) Mica IV glass-ceramics heat treated at 1200°C for 1 hours. 
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Figure 5 
  
 
Figure 5. SEM photomicrograph showing the house-of-cards microstructure in Mica III 
glass-ceramic heat treated at 1200°C (5 hours).  
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Figure 6  
 
 
 Figure 6. SEM micrograph showing fluorine deficient surface layer of the Mica I glass-
ceramic heat treated at 1200°C (5 hours). 
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Tables 
 
Table1. DSC and STA results of glass powder (<45 μm) and frit.       
DSc /STA 
Mica I glass 
 
Mica II glass 
 
Mica III glass 
 
Mica IV glass 
 
<45 μm Frit <45 μm Frit <45 μm Frit <45 μm Frit 
Tg  (°C) 626 630 626 632 630 640 630 627 
Tp1 (°C) 800 840 785 785 778 805 790 790 
TP2  (°C) - - - 748 - 766 748 748 
Weight loss [%] 7.2 3.2 7.0 3.1 5.3 3.0 5.4 2.6 
 
Table 2 .Vickers microhardness (GPa) of Mica glasses and glass-ceramics. 
Glass Heat 
Treatment 
(°C/Hours) * 
Mica I 
Mean Micro-
Hardness  
GPa (SD) 
Mica II 
Mean Micro-
Hardness 
GPa (SD) 
Mica III 
Mean Micro-
Hardness 
GPa (SD) 
Mica IV 
Mean Micro-
Hardness 
GPa (SD) 
Glass (none) 6.7 (0.3) a 6.6 (0.3) a 6.5 (0.3) a 6.3 (0.2) a 
1150 °C /1 h hold 5.3 (0.5) b 5.3 (0.5) b 5.3 (0.5) b 4.6 (0.2) b 
1150 °C /3 h hold 4.5 (0.6) c 5.2 (0.4) b 4.1 (0.3) c 4.6 (0.4) b 
1150 °C /5 h hold 4.3 (0.4) c 5.1 (0.4) b 3.9 (0.2) c 4.5 (0.1) b 
1200 °C/1 h hold 4.4 (0.2) c 2.9 (0.3) c 2.9 (0.3) d 3.8 (0.1) c 
1200 °C/3 h hold 3.6 (0.2) d 3.5 (0.4) d 1.8 (0.2) e 3.4 (0.4) d 
1200 °C/5 h hold 1.3 (0.1) e 2.4 (0.3) e 1.5 (0.2) f 1.8 (0.2) e 
 
*All glasses received a nucleation hold for 1 h (660°C) prior to final heat treatment.  
*Different superscript letters within groups indicates significant differences (P<0.05). 
  
 
 
 
